Introduction {#sec1}
============

NASA's Transformative Transportation Technologies (TTT) and Advanced Air Transport Technologies (AATT) programs are focused on designing next-generation electrified aviation systems to minimize reliance on turbo engines for emissions reduction, lower noise, decreased fuel burn, and improved efficiency.^[@ref1]^ Electrification of propulsion systems, as has been done with trains, ships, and automobiles, is a means to achieve this goal. However, an electric powertrain for a single-aisle, 150 passenger aircraft requires megawatt (MW)-sized motors with high specific power density that does not commercially exist. To achieve this goal, each component of the proposed megawatt class, high-power-density electric motor is being thoroughly analyzed to identify areas where performance and efficiency can be maximized without incurring mass penalty. Thermal management will be a key factor for electric aircraft to be realized. Polymeric materials, which are often used as the primary insulation in these systems, may play a vital role in thermal management. This requires insulation with a significantly higher thermal conductivity than current state-of-the-art polymer insulation to accommodate potentially higher temperatures arising from higher operating voltages, frequencies, and energy densities.^[@ref2]^ Such temperatures could exceed 200 °C; however, most polymeric insulators possess low thermal conductivity between ∼0.2 and 0.3 W/(m K) and are only rated to have intermittent exposure above 200 °C temperatures.

Increasing the thermal conductivity of the electrical insulator can be achieved either by making laminates with thermally conductive dielectric materials or by incorporating thermally conductive fillers into the polymer. Oftentimes the latter approach tends to negatively affect dielectric performance by introducing weak spots and irregularities within the insulation, thereby leading to a decrease in dielectric breakdown voltages. Such irregularities are attributed to an interfacial mismatch between the particles and the host polymer, interfacial polarization, filler agglomerates, and other factors that affect the microstructure. To enhance the chemical, electrical, and thermal properties of the composite insulation, it is essential to have a thorough knowledge of the dielectric properties, such as permittivity, dielectric loss, and ionic conduction at the molecular level. It is also important to fully understand how the anticipated thermal and electrical stresses in high-power-density electric motors will affect insulation morphology and, thus, performance, as the effects from excessive thermal, electrical, and mechanical stresses are irreversible.^[@ref3]^

Several conventional techniques exist for determining the dielectric properties of polymers and other insulating materials. The method employed depends largely on the frequency of interest, type of polymer, specimen size, and degree of measurement accuracy.^[@ref4]^ Such techniques include simple precision bridge, resonance circuits, transmission line, resonant cavity, and network analyzers. Care is usually taken to appropriately choose the measurement method that correlates with the dielectric application of interest. At radio frequencies, for example, the dielectric material is represented as a series or parallel equivalent circuit to deduce its dielectric parameters, but accurate modeling and the effect of sample holders need to be accounted for in the measurements. In addition, electrode polarization phenomena are reported to invalidate measurements at very low frequencies.^[@ref5]^ Special attention is also needed when attempting to characterize dielectrics with high permittivity values as charge storage is important at low frequencies but sub-nanosecond discharge rates are dominant at microwave frequencies.^[@ref6]^

Besides dielectric parametric characterization, dielectric analysis (DEA) is a benchtop thermal analysis technique typically used to optimize polymer cure profiles, study polymer flow behavior, and understand the influence of crystallinity in polymers. Similar to impedance spectroscopy and dielectric spectroscopy, the technique is capable of characterizing the electrical properties of materials as a function of time, temperature, and frequency, but there are some differences between the methods.^[@ref7],[@ref8]^ Impedance spectroscopy is often used to illustrate electrochemical processes in materials with the intent to depict viscoelastic response based on the charge transport and adsorption in materials^[@ref7]−[@ref9]^ An external thermal control system is often introduced if there is a need to evaluate the material's electrical properties at elevated temperatures.

Dielectric spectroscopy is a dynamic characterization tool that can provide information about the dielectric properties of materials arising from the chain, segmental and global relaxation events due to polarization. Dielectric relaxation spectroscopy is considered to be a powerful technique because it takes into account dynamic models of molecular motion that are typically masked in impedance spectroscopy techniques.^[@ref9]^ Most DEA experiments take place in a weak electric field and involve very little sample preparation. Dielectric spectrometers and dielectric analyzers employ a specific electrode that is compatible with the instrument depending on the type of sample (uncured polymers, liquids, solids, thin films) and the information the user desires to study (kinetics, surface, or bulk dielectric properties). Because the technique is typically used to optimize cure profiles, temperature control is very precise and the atmospheric conditions for the samples under test are controlled. These features make the results from the technique less operator sensitive. Unfortunately, there are limited studies describing how analyses of dielectric relaxation can be used to better define the structure-to-property relationships of organic electrical insulation, much less, new inorganic--organic composite insulation for electric propulsion that will have to operate under greater stresses.

In our study, DEA was carried out on cured polyimide thin films to support novel electrical insulation development for high-voltage aircraft. By improving our understanding of state-of-the-art insulation under the frequencies and temperatures anticipated in high-voltage aircraft, we should be able to tailor the compositions of newly developed insulation to better withstand the extreme conditions anticipated in variable frequency electric motors. The objective of this work was to characterize the dielectric properties of multiple types of polyimide films using DEA. The effects of temperature, frequency, moisture, thermal aging, and inorganic fillers on the dielectric relaxation behavior of polyimide thin films are presented.

Results and Discussion {#sec2}
======================

Effect of Moisture Uptake in Polyimide Films {#sec2.1}
--------------------------------------------

Moisture uptake in electrical insulation is a concern because the presence of water can lead to premature aging and deterioration of the insulator.^[@ref10]^ Thermogravimetric analysis (TGA) was initially carried out to verify the moisture content in as-received, submerged, and oven-dried polyimide films. The effect of moisture content on the thermal stability of polyimide in air is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Although mass measurements of the polyimide before and after water submersion confirmed that water uptake was approximately 2.1%, TGA results showed no discernible difference in the thermal stabilities of all polyimide samples between 30 and 115 °C, which is the temperature range in TGA where the presence of moisture is often visible.

![Effect of moisture uptake on the thermal stability of polyimide films.](ao0c01359_0002){#fig1}

The ε′, also referred to as the dielectric constant or relative permittivity, at room temperature was measured with DEA for the as-received, oven-dried, and submerged polyimide films. The ε′ is generally indicative of the amount of polarization and stored energy that it takes to align the dipoles in an electric field. It also provides information about the mobility of the ions and dipoles of the dielectric. The dielectric constant is calculated by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}where *D* represents the displacement and *E* represents the electric field.

The dielectric constant for the as-received, dry, and water submerged polyimide are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Dielectric analysis was apparently more sensitive to the polarization effects from the presence of moisture and showed noticeable differences in the dielectric properties, even at room temperature, even though the TGA chart in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} did not appear to detect differences in water mass loss between the as-received, oven-dried, and submerged polyimide specimens.

###### Relative permittivity, ε′ Values at Room Temperature for As-Received, Oven-Dried, and Submerged Polyimide as Determined by Dielectric Analysis[a](#t1fn1){ref-type="table-fn"}

  polyimide sample   relative permittivity, ε′
  ------------------ ---------------------------
  as-received        2.85 ± 0.0093
  oven-dried         2.78 ± 0.038
  submerged          3.30 ± 0.046

The standard deviation reflects five different specimen measurements from one master batch.

The ε′ for the as-received commercial polyimide was approximately 2.85 at room temperature, which was slightly lower than a literature reported value of ∼3.1 for a 25 μm polyimide film characterized according to ASTM D150.^[@ref11],[@ref12]^ The lower ε′ for the as-received polyimide observed in our study may be attributed to a number of factors. First, several layers of the polyimide film were stacked to maintain sufficient contact with the electrodes at the gap setting for the DEA instrument. Stacking multiple layers of film together could have created air gaps between each layer and lowered the signal. Another reason for the lower ε′ in the present study could simply be due to a difference in the polyimide precursors and backbone chemistry used to synthesize the polyimide film compared to material from the literature. The relative permittivity of the polyimide films in the present study was in agreement with other reported ε′ for polyimide.^[@ref13]^ Chisca et al. studied the effects of different segmental functionalities and pendant groups in polyimide on the dielectric constant and dielectric loss at 1 and 10^4^ Hz using broadband dielectric spectroscopy (BDS). According to the study, dissimilarities that existed between the dielectric constant for each polyimide were attributed to variations in the structural backbone. Polyimides containing more linear, alkyl chain segments between phenyl moieties had dielectric constants closer to 3.2, while polyimides containing shorter fluorocarbon functionalities between phenyl groups had lower dielectric constants around ∼2.8 to 2.9.^[@ref13]^ The polyimide film investigated in this study more than likely did not contain fluorocarbons, which eliminated this as a possibility for the dielectric constant of the commercial polyimide being \<3.0.

ASTM D150 test standards state that specimen geometry, electrodes, test method, and apparatus all have an effect over the accuracy of the permittivity and dissipation factor. A thickness of 1.5 mm was assumed to be sufficient to obtain measurements with ∼1% accuracy, and thicker specimens should generally improve the accuracy. A 25% accuracy was assumed to exist for thin specimens because of the possibility of gaps between the electrode and the sample. The gap between the polyimide films and the parallel-plate electrodes was presumed to be eliminated in our study because the gap distance between the electrodes was set lower than the specimen thickness. Because the difference in relative permittivity of the commercial polyimide used in this study was about 8% less than the state-of-the-art polyimide, the specimen--air interface between each film layer and subtle differences in polyimide backbone chemistry of the as-received polyimide may be contributing factors to the lower relative permittivity observed in our study.

The ε′ was lowest for oven-dried polyimide at ∼2.78, while that of samples submerged in water it was highest at ∼3.30. The highest ε′ for the water submerged polyimide sample was expected due to the amount of polarization from the −OH groups in water compared to the as-received and oven-dried polyimide samples. It should be noted that samples with too high of a moisture content can often lead to erroneous data because of electrode polarization.^[@ref14]^ Although insignificant, the oven-dried polyimide had the lowest initial ε′, which was possibly due to the film being in a more dehydrated state prior to DEA testing and showed that it may be beneficial to predry insulation prior to use.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} illustrates the effects of moisture content on the dielectric properties of polyimide specimens at room temperature and 200 °C as a function of frequency. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a reveals that ε″ for all samples, regardless of moisture content, slightly increased with increasing frequency at room temperature. At 200 °C, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows that the loss factor was higher than room temperature measurements at the lowest frequency of 1 Hz, but it eventually decreased with increasing frequency, reaching near the same ε″ as the room temperature polyimide samples at the highest frequency. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c illustrates that ε′ for the as-received and oven-dried samples were mostly frequency independent. The water submerged polyimide film displayed a slight decrease in relative permittivity with increasing frequency. The relative permittivity, which represents the energy storage component, is often indicative of nonaligned chain relaxation taking place at high frequencies, which prevents the polymer from storing energy,^[@ref7]^ thereby decreasing ε′. An opposite and more pronounced trend was observed for the frequency-dependent ionic conductivity for all three samples shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, where the ionic conductivity increased with increasing frequency. At 200 °C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), all samples displayed almost the same behavior with variable frequency, in which the water submerged polyimide had the highest ionic conductivity. Even though moisture should have been removed from the polyimide at 200 °C, residual effects from moisture were still apparent and revealed that the high ionic conductivity from the submerged sample could become more polarized; thus accelerating deterioration of the insulator. While the relative permittivity of all samples initially displayed a sharp decline upon increasing the frequency from 1 to 10 Hz, the ε′ stabilized as the frequency increased. On the other hand, the trend in ionic conductivity shifted, exhibiting an increase in the high-frequency range, notably above 1 kHz, which is in the range of the anticipated operating frequency of 4 kHz.

![Effect of moisture content on the dielectric loss factor, ε″ at (a) room temperature and (b) 200 °C for commercial polyimide. Effect of moisture content on the relative permittivity, ε′, and ionic conductivity of commercial polyimide samples as a function of frequency at (c) room temperature and (d) 200 °C. The open markers are representative of ionic conductivity. Closed markers represent relative permittivity.](ao0c01359_0003){#fig2}

The ionic conductivity is calculated by the eq [2](#eq2){ref-type="disp-formula"}where σ represents the ionic conductivity, ϵ~~0~~ is the permittivity in vacuum (8.85 × 10^^12^^ F/m), *i* is the ionic mobility, \[C\] represents the concentration of mobile ions, ε″ is the loss factor, ω is the angular frequency, and *q* is equal to the charge of the ion. Ionic conductivity is proportional to frequency, which will increase with increasing frequency. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d shows that at lower frequencies, the ionic conductivity is also at its lowest, which is typical behavior for a polymer, since low-frequency measurements allow more time for the polymer chains to completely align with the electric field.^[@ref7]^

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a illustrates the effect of temperature on the ε″ as a function of time and frequency in as-received polyimide. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows that the loss factor values were fairly low and somewhat consistent below 100 °C between 40 kHz and 1 Hz. At 200 °C, the loss factor increased by at least 2 orders of magnitude, which can be expected from more polymer chain movement at higher temperatures.

![(a) Temperature-dependent loss factor vs time curve as a function of frequency in polyimide and (b) Cole--Cole plot of polyimide at various test temperatures.](ao0c01359_0004){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows the Cole--Cole plot of the as-received polyimide between room temperature and 200 °C corresponding to the glassy state of the polyimide. The results confirm that polyimide exhibits complex dielectric behavior up to 200 °C, as indicated by the lack of a semicircle trend, which would have implied that the polyimide displayed a single or symmetric relaxation mode according to Debye theory.^[@ref15]^

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the effect of temperature on the ε′ and ionic conductivity of the three different polyimide samples as a function of temperature at 4 kHz frequency. A frequency of 4 kHz was selected to represent a potential operating frequency of the high-power-density electric motor, which is significantly higher than the 60 Hz frequency that is typically used when characterizing the electrical properties of existing motor insulation. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} reveals that only the submerged sample displayed the most noticeable changes in both relative permittivity and ionic conductivity during the heating ramp. The submerged polyimide showed the most significant behavior in ε′ of all of the polyimides between ∼90 and 155 °C, which was indicative of absorbed water being removed from the samples during the heating ramp. Between 180 and 200 °C, the ε′ of the submerged sample approached that of the as-received and dry polyimide films. Initially, the submerged samples had much higher relative permittivity values due to the higher moisture content, which led to more polarization, compared to the as-received and dry polyimide films. A small relaxation event was observed in the ionic conductivity curves (hashed lines) between 90 and 200 °C and the ε′ curves (bold lines) between 30 and 140 °C for all samples, which may have corresponded to β-relaxation caused by either the dianhydride moiety or rotational movement in the *para*-phenylene structure of the diamine.^[@ref16]^

![Effect of moisture content on the relative permittivity and ionic conductivity of polyimide at 4 kHz.](ao0c01359_0005){#fig4}

While the ionic conductivity of the as-received and dry polyimide samples hovered around 11 pS/cm, the ionic conductivity of the submerged sample was around 37 pS/cm. As the temperature increased, the ionic conductivity of the submerged sample declined, reaching that of the as-received and the oven-dried polyimide signifying moisture loss. At the fixed frequency of 4 kHz, no residual effects from water absorption were observed in the dielectric properties at ∼200 °C, unlike that observed during the frequency sweep experiment in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the relaxation behavior of the as-received polyimide as it reached temperatures well above 200 °C at 4 kHz. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a illustrates that while the ε′ of polyimide remained mostly stable at ∼2.76 up to approximately 245 °C, the dielectric constant increased by almost 2.5 times as the temperature approached 300 °C. The ionic conductivity for the as-received polyimide was stable at around 11 pS/cm below ∼205 °C. As the temperature rose from 205 to 300 °C, the ionic conductivity significantly increased to ∼7900 pS/cm. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows that the loss factor only underwent a significant increase in the temperature range between 225 and 300 °C. Similarly, the dissipation factor, tan δ, increased at ∼ 226 °C, peaking at ∼292 °C. Although [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows that polyimide displayed behavior corresponding to significant relaxation events below 300 °C, the observed relaxation response was not attributed to a second order or α-transition, which actually takes place at the *T*~g~ around 380 °C, as confirmed by dynamic mechanical analysis (DMA) in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Temperature-dependent relaxation response of commercial polyimide at 4 kHz. (a) Relative permittivity and ionic conductivity and (b) loss factor and dissipation factor, tan δ. Sharp transitions in dielectric properties were observed beginning at ∼235 °C.](ao0c01359_0006){#fig5}

![Thermomechanical properties of polyimide characterized by dynamic mechanical analysis (DMA).](ao0c01359_0007){#fig6}

The relaxation events observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} may be indicative of segmental motion between 200 and 300 °C since the DMA data in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} showed inactivity around the same temperature range. Another explanation for the increase in ε′, ε″, tan δ, and ionic mobility could be caused by interfacial polarization, molecular agitation, and/or other relaxation mechanisms within the sample. Electrode polarization can also lead to excessively high permittivity values. If the significant increase in dielectric properties observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} at the 4 kHz frequency is indeed representations of various relaxation events that took place in polyimide at higher temperatures, then that would negatively affect the insulation performance, thus leading to premature aging or deterioration of electrical properties over time.

Dielectric Properties of Synthesized Polyimide and Polyimide--Boron Nitride Nanosheets (BNNS) Thin Films {#sec2.2}
--------------------------------------------------------------------------------------------------------

Dielectric analysis of thermally conductive polyimides has not been widely examined to date, so it is unknown how the dielectric properties of polyimide composite insulation would respond in high temperature, variable frequency motors. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the effect of BNNS on the electrical properties of the in-house solution casted polyimide films from room temperature to 300 °C at 4 kHz frequency. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a shows that the trend in the dielectric constant of the neat polyimide film was similar to that of the commercial polyimide material in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, where ε′ slightly declined at temperatures above 130 °C at 4 kHz. The ε′ for the solution casted polyimide was ∼2.54, which was lower than that of the commercially available polyimide film at room temperature (∼2.85). A possible explanation for the lower ε′ in the solution casted polyimide films could be that the solution casted films were thinner than the commercially available polyimide. As a result, more layers of the solution casted polyimide were stacked to maintain a consistent thickness for all samples characterized by DEA. This may have created more air gaps between each layer, thus lowering relative permittivity. The air gaps were not anticipated to affect the relaxation events observed in most of the dielectric data. After the BNNS filler was added to the polyimide, the ε′ decreased to ∼2.27 at room temperature and showed marginal increases in dielectric constant as the temperature approached 300 °C. Typically, a decrease in ε′ with increasing temperatures is correlated with an increase in free volume and dipolar mobility, and this is often the case in most pure polymeric dielectrics. The introduction of the BNNS filler more than likely created more disorder in the microstructure, which in some cases could lead to an increase in interfacial polarization and dipole polarization.^[@ref17]^ However, more polarization would have increased the ε′. In our case, the exfoliated BNNS, and possibly the presence of some agglomerates, more than likely prevented the alignment and orientation of the dipoles in the electric field, thereby keeping the dielectric constant lower across a broad temperature range. It was difficult to determine the influence of exfoliated BNNS on the relative permittivity due to the size of the fillers being reduced during the exfoliation procedure; however, the ε′ of BN is typically 2--5.

![Effect of boron nitride nanosheets (BNNS) addition on the (a) relative permittivity, (b) loss factor, (c) ionic conductivity, and (d) dissipation factor of in-house prepared polyimide films. (e) Scanning electron micrographs of exfoliated BNNS at ×50.0k mag. (f) Scanning electron micrograph of polyimide (PI)---34 wt % BNNS.](ao0c01359_0008){#fig7}

In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b, the ε″ for the neat polyimide appeared to undergo a similar relaxation event between 60 and 200 °C as that observed in the commercial polyimide in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Also, similar to the commercial polyimide, a more prominent relaxation event took place between 220 and 300 °C in the neat polyimide as that observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. After BNNS was added, the ε″ was only marginally higher between 20 and 115 °C. Unlike the neat polyimide film, the ε″of the PI-BNNS composite insulation remained stable, only increasing slightly between 260 and 300 °C, which was believed to be attributed to BNNS reducing dipole motion, free volume expansion, and conduction, all of which would contribute to minimizing dielectric losses. The BNNS also has a higher thermal conductivity than the polyimide. At high temperatures, better thermal conductivity will be useful with preventing hot spots and inconsistencies in the insulation that can lead to deteriorated insulation performance. The same behavior for the ionic conductivity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c) and the dissipation factor ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d) were observed, which confirmed that dielectric losses and ionic conduction were suppressed after adding the BNNS filler, which may be preferred behavior for a composite insulator.

Scanning electron micrographs of the exfoliated BNNS and the PI/BNNS composite at ∼34 wt % loading are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}e,f, respectively. The BNNS fillers were confirmed to be exfoliated, which led to the incorporation of the thermally conductive platelets with minimal agglomeration and irregularities that would adversely affect the microstructure of the film casted nanocomposites. More scanning electron microscope (SEM) images of the PI/BNNS composites can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01359/suppl_file/ao0c01359_si_001.pdf). It was unknown how the inorganic content would influence insulation performance when exposed to other conditions, such as humidity and corona discharge at altitude, which often accelerate insulation failure; therefore, other tests would have to be used to complement DEA data.

Effect of Thermal Aging on the Dielectric Properties of Commercial Polyimide {#sec2.3}
----------------------------------------------------------------------------

Dielectric analysis was used to investigate the change in dielectric properties of polyimide following thermal aging for 35 days at 275 °C. Most thermal aging studies for Class C insulation, such as polyimide, are carried out for 40 days near 200 °C, so there is very little information about how thermal aging affects dielectric properties of polyimide above 250 °C. The effect of thermal aging time on the loss factor and ionic conductivity of as-received commercial polyimide as a function of frequency are illustrated in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. There was no discernible trend in the ε″ with increasing frequency at various thermal aging times according to [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. The dielectric loss factor for the thermally aged samples appeared to be slightly lower than the unaged specimen at the lowest frequencies, which may have been due to more restricted chain mobility in the polyimide after thermal exposure. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b reveals that the ionic conductivity increased as the frequency increased in all samples, but similar to [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a, there were no discernable trends with increasing frequency as thermal aging time increased. Thermal aging alone at 275 °C may not produce significant morphological changes in polyimide that would lead to a change in dielectric properties; however, a combination of thermal aging at higher temperatures closer to the T~g~, in conjunction with other environmental factors, would have a more profound effect on affectingthe dielectric properties.

![Effect of thermal aging on the (a) loss factor and (b) ionic conductivity of polyimide.](ao0c01359_0009){#fig8}

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the optical micrographs before and after thermal aging exposure in the as-received polyimide. Thermalaging polyimide at 275 °C appeared to result in charring in some areas of the samples. The formation of what appeared to be carbon in the polyimide was initially believed to cause the indiscernible trends in dielectric properties at different aging times as reported in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The intensity of the degree of carbonization and the locations where the carbonized regions formed in the aged samples were not uniformly distributed throughout the films. Evidence of thermal degradation in a sample would typically lead to an increase in the loss factor and ionic conductivity, which is usually the result of charge polarization in the inclusions or defects.^[@ref18]^ It appeared that the as-received polyimide already contained scratches on the surface prior to thermal aging, possibly induced by handling, so it is believed that carbon formation was more prone to take place at damaged sites as opposed to areas with no pre-existing surface imperfections. Because charring was minimal in the thermally aged specimens, the dielectric properties were not considerably different from the unaged polyimide.

![Commercial polyimide film (a) before and (b) after thermal aging at 275 °C. Unaged and aged films were measured by DEA.](ao0c01359_0010){#fig9}

Attenuated total reflectance-infrared (ATR-IR) spectroscopy was carried out in polyimide samples to examine if there were significant changes at the molecular level, as a result of thermal aging. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the ATR-IR spectra of unaged polyimide and a polyimide thermally aged at 275 °C for 35 days. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} lists the band assignments for the polyimide functional groups from the IR spectra in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.^[@ref19]^[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows no appearance or disappearance of peaks caused by chain scission or cleavage, which would have implied significant molecular changes taking place during thermal exposure at 275 °C. The only activity observed was changes in the peak intensity ratios before and after thermal aging. No molecular changes were anticipated from the aged polyimide since the samples were thermally aged at temperatures much lower than *T*~g~ and were not exposed to other factors such as, humidity, high voltages, or frequencies during aging, factors that would exacerbate the integrity of the insulation.

![ATR-IR spectroscopy of commercial polyimide before and after thermal aging at 275 °C for 35 days.](ao0c01359_0011){#fig10}

###### Fourier Transform Infrared (FTIR) Peak Assignments for Commercial Polyimide before and after Thermal Aging at 275 °C for 35 days^[@ref19]^

  peak (cm^--1^)   functional group      spectral activity
  ---------------- --------------------- ----------------------------------------------
  1775, 1718       C=O                   in-phase vibration, out-of-phase vibration
  1499             C~6~H~5~              tangential vibrations
  1376             C--N--C               axial stretching
  1243             C~6~H~5~ or C--O--C   out-of-plane bending vibrations or noncyclic
  1115             C--N--C               imide transverse stretching
  1092             C~6~H~4~              tangential vibrations
  818, 813         C~6~H~4~              out-of-plane bending vibrations
  725              C~6~H~5~              radial skeletal vibrations

Conclusions {#sec3}
===========

Dielectric thermal analysis was implemented as a tool that could be used to support in-house electrical insulation development for high-power-density electric motors. Polyimide was used in our preliminary studies because it is a state-of-the-art Class C insulator, and its dielectric and thermal properties were verifiable in literature. DEA instrumentation was used to analyze the relaxation response of various types of polyimide films exposed to operating temperatures and frequencies anticipated in hybrid electric motors. Dielectric analysis data confirmed higher relative permittivity and ionic conductivities when water was present in the samples, which was expected. Frequency sweeps conducted at ambient temperature, 100, and 200 °C showed only minor relaxation events in the samples, which was more than likely attributed to segmental motion and were not associated with the α-transition temperature. Above 200 °C, dielectric thermal analysis confirmed increases that were more prominent in ε′, ionic conductivity, and ε″, which would lead to undesirable behavior in the insulation. The observations clearly demonstrated the need to suppress relaxation events at higher operating temperatures to increase the longevity of the insulation for the electric motor application.

In the case of solution casted polyimide films, adding thermally conductive BNNS made the matrix material more amorphous and restricted dipole alignment of the PI, as suggested by the decrease in ε′ for the nanocomposites. The ionic conductivity, ε″, and tan δ were lower at temperatures above 245 °C, which was more than likely BNNS fillers impeding polarization in the polyimide. The effects of thermal aging time on the dielectric properties of commercial polyimide films were also studied using DEA, showing no discernible trends in dielectric properties.

Dielectric analysis can serve as a screening tool to reveal relevant information pertaining to sample morphology and the relaxation response of newly synthesized electrical insulation candidates. Although shown to be very useful for insulation development, DEA has some limitations in its applicability where, for example, the applied electrical stress cannot exceed 1 V, such as the case with the majority of measurement techniques, bearing in mind that DEA is not suited for dielectric strength determination. A remote sensor would have to be used instead of the parallel-plate sensors if there is a need to expand exposure conditions outside the range of the DEA. On the other hand, the method reported in the present study is sufficient for the insulation screening application because dielectric polarization is independent of voltage and should have no effect on the dielectric properties unless the applied voltage is close to the breakdown voltage of the insulation.

Another limitation of our particular DEA apparatus was the minimal sample thickness requirement to accommodate the lowest gap setting in the DEA cell. Stacking the films may decrease dielectric property values if multiple thin films are required to maintain sufficient contact with the parallel-plate electrodes for bulk electrical property measurements. However, when combined with other insulation characterization techniques, it is possible to get accurate information about the molecular activity of novel insulation candidates in environments previously unknown for aircraft. With that information, it would be possible to tailor the chemistry of insulation candidates to design better insulation to perform reliably in the intended operating environment. More work is underway to use DEA to understand the effects of using BN in other polymer matrices for composite insulation.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

The commercial-grade polymer film used in this study was a polyimide (PI) film with an average nominal thickness of ∼0.12 mm. In addition, other polyimide thin films were synthesized using pyromellitic dianhydride (PMDA), 4,4′diaminodiphenyl ether (4,4′-ODA), and anhydrous dimethylacetamide (DMAc), which were purchased from Sigma-Aldrich. The chemicals were used without further purification. Exfoliated boron nitride nanosheets (BNNS) were purchased from the University of Toledo and were used as the thermally conductive, dielectric filler. The original source of the hexagonal BN platelets was Momentive PolarTherm PT110 BN powder, which had a mean particle size of 45 μm. After the exfoliation procedure, the thickness of the BNNS was between ∼100 and 800 nm.^[@ref20]^ SEM images of the exfoliated BNNS can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01359/suppl_file/ao0c01359_si_001.pdf).

Methods {#sec4.2}
-------

### Polyimide and Polyimide--Boron Nitride Nanosheets (BNNS) Thin-film Fabrication {#sec4.2.1}

#### Synthesis of Polyimide Precursor {#sec4.2.1.1}

The synthesis of the polyimide precursor was carried out following a previously published method.^[@ref21]^ To summarize, ODA (2.00 g, 10 mmol) and DMAc (26 mL) were added to a 250 mL two-necked round-bottom flask equipped with a mechanical stirrer. The solution was stirred at ambient temperature until ODA was dissolved. The PMDA (2.18 g, 10 mmol) was then added and stirred overnight, forming a viscous poly(amic acid) solution ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Synthesis of Poly(amic) Acid, Polyimide Precursor\
Reprinted with permission from Li, T.-L., and Hsu, S. (2010) Copyright 2010 American Chemical Society.](ao0c01359_0012){#sch1}

#### Preparation of the PI/BNNS Nanocomposite Film {#sec4.2.1.2}

Polyimide/BNNS (PI/BNNS) nanocomposites were prepared by mixing the polyimide precursor with BNNS at the respective weight ratio. The heterogeneous solution was sonicated using a microtip probe that was programmed to pulse for 30 min. Pulsing prevented the polymer solution from overheating and curing. Films were cast from the viscous poly(amic acid) and BNNS--poly(amic acid) solutions onto a glass plate using an adjustable doctor blade. Each film was then left to dry for 12--24 h at ambient temperature or until a dry film was obtained. The films were further heated in an oven at 100 °C for 1 h, 200 °C for 1 h, and 350 °C for 1 h at a ramp rate of about 2 °C/min for the conversion of the poly(amic acid) into the PI and PI/BNNS films. The thicknesses for the neat PI and PI/BNNS thin films prepared by the above-mentioned procedure were approximately 0.033 ± 0.006 and 0.037 ± 0.012 mm, respectively.

#### Effect of Moisture on the Dielectric Properties of Commercial Polyimide Films {#sec4.2.1.3}

Three sample sets of commercial polyimide films were investigated to study the effect of water content on the dielectric properties using DEA: (1) as-received (AR); (2) oven-dried; and (3) water submerged. The as-received polyimide samples were used as-is with no preconditioning step. Oven-dried samples were predried in an oven at 100 °C for 48 h prior to characterization, while the water submerged samples were preweighed and then placed in a water-filled beaker and left undisturbed at ambient temperature for approximately 48 h. After 48 h, the submerged samples were wiped dry and the water uptake was calculated by recording the mass change of the submerged polyimide films before and after submersion. The average water uptake of the bulk samples was calculated to be ∼2.1% by weight.

#### Thermogravimetric Analysis (TGA) {#sec4.2.1.4}

TGA was carried out to confirm the water content in all films. TGA was performed using a TA Instruments Thermogravimetric Analyzer 800. All samples were heated to 800 °C at a ramp rate of 10 °C/min in air.

#### Dielectric Analysis (DEA) {#sec4.2.1.5}

The dielectric properties of all samples were analyzed using a TA Instruments DEA 2970. The DEA chamber includes a furnace and a stage, upon which the sample is placed between two disk-shaped, parallel-plate electrodes. The sample is polarized by the sinusoidal voltage that is applied in an alternating electric field, which oscillates with a phase angle (θ) shift at the same frequency of the electric field. The phase angle θ shift is identified by comparing the waveforms of the applied voltage and the measured current. The current comprises of real and imaginary components, which allows the material's electrical properties to be calculated, such as relative permittivity (ε′), ionic conductivity, and dielectric loss (ε″).

The bulk dielectric properties of all polyimide films were measured by placing the samples between two gold parallel-plate sensors. The gap spacing between the parallel plates was set to approximately one-half of the sample thickness at room temperature for all samples, which corresponded to ∼0.18 mm after stacking three layers of the commercial polyimide film for DEA characterization. A gap distance lower than the sample thickness was necessary to maintain adequate contact with the electrodes when the films underwent softening at elevated temperatures.

All films were cut to approximately 25.4 mm × 25.4 mm. The voltage applied to all samples was 1 V. Prior to each sample measurement, the ε′ of an empty DEA test chamber (air) was measured to ensure accuracy. No DEA experiments were carried out unless the ambient air temperature ε′ was reported to be approximately 1.03 ± 0.10. Temperature-dependent frequency sweeps between 0 and 40 kHz were carried out to determine the frequency-dependent relaxation behavior of the polyimide. Temperature scans were also carried out from 30 to 300 °C at a ramp rate of 2.5 °C/min using a fixed frequency of 4 kHz. All equations used to obtain dielectric properties can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01359/suppl_file/ao0c01359_si_001.pdf).

#### Dynamic Mechanical Analysis (DMA) {#sec4.2.1.6}

A QA 800 dynamic mechanical analyzer was used to correlate relaxation events occurring from only thermal stresses with those from thermal and electrical stresses in the DEA. Universal Analysis software was used to identify the glass-transition temperature (*T*~g~) and other relaxation modes. DMA specimens were ramped at 2.5 °C/min to 300 °C, which matched the procedure for the DEA temperature ramp experiments.

#### Scanning Electron Microscopy {#sec4.2.1.7}

A Hitachi S4700 Field Emission scanning electron microscope (SEM) was carried out to image hBN fillers and cross-sections of the samples. The SEM was operated at an acceleration voltage of 6 kV. The working distance ranged between 10.0 and 11.6 mm. Samples were carbon-coated prior to imaging.

#### Optical Microscopy {#sec4.2.1.8}

Surface imaging before and after thermal aging experiments was carried out using a Nikon SMZ1270 stereo-optical microscope with NIS Elements D version 4.50 imaging software.

#### Attenuated Total Reflectance-Infrared (ATR-IR) Spectroscopy {#sec4.2.1.9}

ATR-IR spectroscopy was used to identify any molecular changes in polyimide that occurred in samples during thermal aging. A Thermo-electron Nicolet 380 FTIR spectrometer equipped with an ATR-IR accessory and a diamond crystal was used on the ATR sample stage. A total of 64 scans were collected for each spectrum. Omnic software was used for spectral analysis.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01359](https://pubs.acs.org/doi/10.1021/acsomega.0c01359?goto=supporting-info).Equations describing the theory of dielectric analysis and scanning electron microscopy images ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01359/suppl_file/ao0c01359_si_001.pdf))
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